PURPOSE. Age-related macular degeneration (AMD) is characterized clinically by changes in the retinal pigment epithelium (RPE), formation of drusen between the RPE and the underlying vasculature, geographic atrophy, and choroidal neovascularization. Later clinical stages are accompanied by impaired central vision. A limited understanding of the molecular events responsible for AMD has constrained the development of effective treatments. A proteomics approach was used to investigate the underlying mechanisms of AMD and to identify proteins exhibiting significant changes in expression with disease onset and progression. METHODS. Human donor eyes were categorized into one of four progressive stages of AMD. Proteins from the RPE were resolved and quantified by two-dimensional (2-D) gel electrophoresis. Proteins exhibiting significant expression changes at different disease stages were identified by matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectrometry. 2-D and semiquantitative one dimensional (1-D) Western blot analyses were used to determine whether changes identified by the proteomic analysis were specific for a protein subpopulation or representative of the entire protein population. RESULTS. Proteins were identified from several critical pathways that changed at early and late disease stages, indicating potential causal mechanisms and secondary consequences of AMD, respectively. Proteins involved in protecting from stress-induced protein unfolding and aggregation, mitochondrial trafficking and refolding, and regulating apoptosis changed early in the disease process. Late-stage changes occurred in proteins that regulate retinoic acid and regeneration of the rhodopsin chromophore. 1 According to statistics from the U.S. census, nearly 10 million more U.S. citizens will enter the 65ϩ demographic in the next 20 years, 3 thus qualifying AMD as an impending public health epidemic. Clinically, AMD manifests as changes in the retinal pigment epithelium (RPE), a monolayer of cells that lie between the photoreceptors and Bruch's membrane, separating the photoreceptors from the highly vascular choroid. Maintenance of RPE function is essential for vision, since these cells serve as a conduit for nutrients from the choroid to the retina, recycle visual pigments, and phagocytose spent photoreceptor outer segments. 4 Early AMD is characterized by the appearance of lipoproteinaceous deposits (drusen) between the RPE and choroid, as well as changes in RPE pigmentation. Later stages of AMD accompanied by vision loss are characterized by increased drusen accumulation, RPE atrophy, choroidal neovascularization, and loss of photoreceptors. [5] [6] [7] 
A ge-related macular degeneration (AMD) is the leading cause of vision loss and blindness in individuals older than 65 years in the developed world. 1, 2 Epidemiologic studies have shown that approximately 10% of individuals older than 65 years and 28% of those aged 75 to 85 years have features of AMD. 1 According to statistics from the U.S. census, nearly 10 million more U.S. citizens will enter the 65ϩ demographic in the next 20 years, 3 thus qualifying AMD as an impending public health epidemic. Clinically, AMD manifests as changes in the retinal pigment epithelium (RPE), a monolayer of cells that lie between the photoreceptors and Bruch's membrane, separating the photoreceptors from the highly vascular choroid. Maintenance of RPE function is essential for vision, since these cells serve as a conduit for nutrients from the choroid to the retina, recycle visual pigments, and phagocytose spent photoreceptor outer segments. 4 Early AMD is characterized by the appearance of lipoproteinaceous deposits (drusen) between the RPE and choroid, as well as changes in RPE pigmentation. Later stages of AMD accompanied by vision loss are characterized by increased drusen accumulation, RPE atrophy, choroidal neovascularization, and loss of photoreceptors. [5] [6] [7] Unfortunately, current treatments for this disease are constrained by our limited understanding of the molecular events associated with AMD. Clarification of the mechanisms responsible for AMD onset and progression is critical for developing treatments to prevent late AMD and, hence, preserving visual function in an aging population.
Several pathogenic mechanisms have been proposed to explain the complex etiology of AMD, including RPE cell death, 8 oxidative damage of cellular components, 9 mitochondrial dysfunction, 10 and the accumulation of toxic compounds, such as lipofuscin and advanced glycation end products. 11, 12 In addition, inflammation and activation of the innate immune system probably contribute to the pathogenesis of AMD, since drusen contain proinflammatory molecules, [13] [14] [15] and complement factor H (HF1/CFH) genetic polymorphisms correlate with the disease in a subset of patients with AMD. 16 -19 However, the molecular events that mediate these pathogenic mechanisms must be more clearly defined to facilitate the development of targeted therapies for AMD.
We have applied a proteomic experimental strategy to investigate global RPE protein expression changes that correlate with AMD onset and progression. Human donor eyes were categorized into one of four progressive stages of AMD using the Minnesota Grading System (MGS). 7 The MGS was recently developed based on criteria from the Age-Related Eye Disease Study (AREDS), 20 considered to be the standard in clinical and epidemiologic studies of AMD. Two-dimensional (2-D) and semi-quantitative one-dimensional (1-D) Western blot analyses provided further insight into whether the changes identified by proteomics were specific for a protein subpopulation or representative of the entire protein population. By using comparative proteomics to examine human donor tissue graded by using the MGS, we provide direct evidence for specific changes in the expression of RPE proteins and, most important, changes at the earliest stages of AMD.
METHODS

Human Tissue Procurement and Grading
Donor eyes were obtained from the Minnesota Lions Eye Bank and maintained at 4°C in a moist chamber until dissection and photography. All tissue was acquired with the consent of the donor or the donor's family for use in medical research in accordance with the principles outlined in the Declaration of Helsinki. Eyes were graded for the presence and severity of AMD using the MGS. 7 One eye from each pair was immediately frozen in liquid nitrogen and stored at Ϫ80°C for subsequent biochemical analyses. The neurosensory retina from the second eye of each pair was dissected to expose the RPE. Digital photographs of the RPE were then used to identify the clinical features that distinguish each stage of AMD.
Protein Isolation
Globe dissection proceeded as outlined. 21 After removing the neurosensory retina and the macula with an 8-mm trephine punch, the RPE was moistened with calcium and magnesium-free phosphate-buffered saline and gently abraded to dislodge it from the choroid. RPE cells were pelleted by centrifugation at 1100g for 30 minutes and fractionated in 50 mM Tris (pH 7.8) with 2% CHAPS (3-[3-cholamidopropyl]dimethylammonio-2-hydroxy-1-propanesulfonate) by three freezethaw cycles and mechanical homogenization at 4°C. Lysates were centrifuged at 600g for 15 minutes at 4°C to pellet cell debris. After removal of lipids and nucleic acids by acetone precipitation, samples were resuspended in 8 M urea and 0.5% CHAPS. Protein concentration was measured with the bicinchoninic acid assay (Pierce Biotechnology, Rockford, IL), with bovine serum albumin used as the protein standard.
Photoreceptor Outer Segment Isolation
Human RPE cells were harvested as just described. One-third of each sample was used for RPE fractionation and protein quantification. The remaining two thirds were pelleted as described in the prior section, resuspended in phosphate-buffered saline, and loaded onto a continuous sucrose gradient for outer segment purification as described. 21 Total photoreceptor outer segment protein yield was calculated as a percentage of the total protein yield from that sample. Three to four preparations were analyzed for each MGS stage.
2-D SDS-PAGE and Expression Analysis
2-D sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was performed 22 with 140 g of RPE protein. The first dimension separation was performed on pH-5 to -8 immobilized linear gradient strips (Bio-Rad, Hercules, CA) and second-dimension separation on 12% SDS-polyacrylamide gels (14 ϫ 16 cm). 23 After electrophoresis, gels were stained silver with a mass spectrometry-compatible kit (Silver Stain Plus Kit; Bio-Rad) and imaged with a fluorescence imager (Fluor-S Multi-Imager; Bio-Rad). Spot intensities (spot volume) were quantified by computer (PDQuest 7.1.1; Bio-Rad). This program performs gel-togel comparisons by using algorithms that account for differences in background and staining intensities. Gel-to-gel spot matching was performed by generating a master gel and manually selecting 12 spots that were consistently present in all gels as landmarks. Automatic spot detection was followed by manual inspection and spot editing to ensure consistent matches between gels. Statistical analyses were performed with log 2 -transformed spot intensities.
Protein Identification
Spots that exhibited significant changes in intensity were excised from 2-D polyacrylamide gels and processed for mass spectrometry (MS). 22 Matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) MS was performed to obtain peptide mass fingerprints (QSTAR XL quadrupole-TOF mass spectrometer; Applied Biosystems Inc.
[ABI], Foster City, CA), as described. 22 Peptide peaks identified on computer (Bioanalyst; ABI) were submitted to Mascot (www.matrixscience. com/; Matrix Science, Inc., Boston, MA) to obtain an initial protein identification. Positive identification was based on a significant molecular weight search (MOWSE) score and mass tolerance less than 50 parts per million.
Confirmation of initial identities was obtained by peptide mass sequencing, by using either MALDI or electrospray ionization (ESI) MS. Peptides analyzed by ESI were separated by liquid chromatography online (QSTAR Pulsar quadrupole TOF; ABI) and ionized as described. 22 PROID software was used to identify peptides based on the product ion spectra.
Western Immunoblot Analysis
Resolution of RPE proteins by 1-D or 2-D SDS-PAGE and Western immunoblot analysis was performed as described. 21, 22 Blotted proteins were probed with one of the following primary antibodies: glutathione S-transferase (GST-; CalBiochem-Novobiochem, La Jolla, CA), ATP synthase ␤ (BD PharMingen, San Diego, CA), cellular retinaldehyde binding protein (CRALBP; gift from John Saari, University of Washington); mitochondrial heat shock protein (HSP)-75 (mtHSP75; StressGen, San Diego, CA), HSP60 (BD Biosciences, Franklin Lakes, NJ), cellular retinoic acid binding protein-1 (CRABP1; Sigma-Aldrich, St. Louis, MO), ␣A crystallin (StressGen), and voltage-dependent anion channel-1 (VDAC1; CalBiochem). Goat anti-mouse or rabbit secondary antibodies (Bio-Rad) conjugated to alkaline phosphatase were used in conjunction with the substrate 5-bromo-4-chlor-3Ј-iodolyl phosphate p-toluidine/ nitro blue tetrazolium chloride to visualize immune reactions. Membranes were imaged with the fluorescence imager (Fluor-S Multi-Imager; Bio-Rad), followed by quantification (Scan Pro; Sigma-Aldrich).
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Statistical Analysis
A power analysis was performed with the equation in Ferrington et al., 24 to determine the number of samples needed to detect statistically significant differences between groups. The analysis was based on within-group variation in the intensity of individual spots from 2-D gels.
To test for differences in spot intensities between disease stages, we used a mixture model analysis of variance (ANOVA), which extends the usual ANOVA to allow for the presence of zeros in the data. The mixture model supposes that for each disease stage there is a certain probability of observing a zero and if nonzero, then the observation is normally distributed with some mean response. Thus, each group is characterized by two parameters: a probability of zero and a mean level for the nonzero responses. We then used a maximized likelihood-ratio test, 25 to test the hypothesis that the probability of observing zero or the mean level of the nonzero cases differs between groups.
One-way ANOVA was performed on density measurements of 1-D blot immune reactions, and times from death to enucleation, and from enucleation to freezing. Linear regression analysis was performed to compare spot density with time from death to freezing. Statistical significance was determined by P Յ 0.05. with a known history of diabetes or eye disease other than age-related macular degeneration were excluded from the study. Only white donors were used, because of the differences in AMD prevalence among individuals with light or dark pigmentation. 26 The average time from death to enucleation was 5.1 Ϯ 0.5 hours (mean Ϯ SD). Eyes were maintained at 4°C until they were photographed and frozen for proteomic analysis. Average time from enucleation to freezing was 12.1 Ϯ 4.6 hours. There were no significant differences in time to enucleation or freezing between the four MGS groups.
RESULTS
Description of Experimental System
The MGS 7 was used to classify donor eyes into four progressive stages (referred to as MGS-1 to -4) that correspond to the classification of AMD described in the AREDS report. 20 MGS stages are defined primarily by the number and size of yellow deposits (drusen), RPE changes, atrophic areas of the RPE, and the presence of neovascularization. MGS stage 1 serves as the control and includes individuals with few, small drusen. MGS 2 is considered an early stage of AMD (i.e., having more numerous small drusen and pigmentary changes than MGS 1 but without significant vision-related degeneration). The most clinically relevant change in prognosis for future vision loss occurs from AREDS 2 to 3, or corresponding MGS 2 to 3. MGS 3 is defined by numerous intermediate-sized drusen or noncentrally located geographic atrophy. Advanced AMD (MGS 4) corresponds with central vision loss from geographic atrophy, also known as atrophic AMD, or active choroidal neovascularization, also known as exudative (e)AMD. This occurs when neovascularization that originates in the choroid extends into the subfoveal region and results in severe progressive fibrosis of the macula. Because the majority (6/7) of MGS4 samples from the present study contained protein from donors classified as eAMD, protein samples were prepared from the extramacular RPE to minimize contamination from macular neovascularization and fibrosis.
Seven samples from each MGS category were analyzed. A power analysis based on the variation in intensity of individual spots from 2-D gels showed this number was adequate to detect a twofold change in intensity at 90% power with ␣ ϭ 0.05. A total of 447 spots were clearly resolved and analyzed. Linear regression was performed (spot density versus time from death to freezing) to evaluate the stability of retinal proteins from donor eyes. We found no significant relationship between spot density and time in Ͼ95% of the protein spots examined. We interpret these results to indicate that under our experimental conditions, there was no significant time-dependent degradation for the majority of the RPE proteins examined.
To determine the extent of photoreceptor outer segment contamination in our RPE preparations, we quantified the photoreceptor outer segment protein that copurified with the RPE.
The average relative contribution of outer segment protein to the total yield was 5.4% Ϯ 1.0% (SEM; n ϭ 13). There was no linear relationship between the MGS stage and the percentage of outer segment contamination (t ϭ 0.82, P Ͻ 0.43), suggesting that outer segment contamination in the RPE samples did not vary between MGS stages.
Expression Analysis and Protein Identification
Protein spots resolved by 2-D gel electrophoresis that exhibited a significant change in expression with AMD are indicated in a representative silver-stained gel (Fig. 1) . Densitometric analysis of these proteins showed three distinct patterns of Table 2 .
IOVS,
expression that correspond with changes early (MGS 2) in the disease, linear increases or decreases, and changes in late (MGS 4) AMD (Fig. 2) . Initial identification of these proteins was obtained with MALDI-TOF MS and confirmed by either tandem MS sequencing of peptides or by a positive immune reaction on 2-D Western blot analysis with a protein-specific antibody ( Table 2 ). Proteins that resolve into multiple spots on 2-D gels due to posttranslational modifications that alter the native charge are known as charge trains, and each individual spot is referred to as an isoelectric variant. Immune reactions on 2-D Western blot analysis provided an indication of the distribution of spots for each protein and the relative contribution of each isoelectric variant in the population (Fig. 3) . When possible, 1-D Western blot analyses were subsequently performed to quantify protein expression in the entire population (Fig. 4) . Six spots demonstrated an early decrease in protein expression ( Fig. 2A) . MALDI-TOF MS identified five spots of this group as members of the HSP family (HSP60, HSP70, heat shock cognate [HSC]-70, ␣A crystallin). For HSC70 and HSP70, no additional analyses are presented due to unreliable antibody reactions and antibody cross-reactivity with other members of the HSP family, respectively. 2-D Western blot analysis probing with antibodies to ␣A crystallin showed a single immunoreactive spot that corresponded with the spot identified by MS (Fig.  3, spot 1) . Semiquantitative 1-D Western blot analysis of protein expression for ␣A crystallin showed a significant decline (P ϭ 0.006) in immune reaction at MGS 3 and 4 (Fig. 4) . These results are consistent with spot density measurements although the decline in early AMD (MGS 2) was not evident in 1-D analysis.
Probing 2-D Western blots with antibodies to HSP60 (Fig. 3 , spot 4) revealed that multiple protein spots were immune reactive. The two spots demonstrating significant early decreases in expression accounted for ϳ20% of the total population. 1-D Western blot analysis for HSP60 showed no significant change in total protein content when comparing the four levels of MGS (data not shown). These results demonstrate that only a subpopulation of HSP60 changes in AMD.
MALDI-TOF MS analysis of spot 5 indicated a mixture of two proteins: CRALBP and ATP synthase ␤. Migration of spot 5 was lower than expected for ATP synthase ␤, indicating that this spot contains truncated protein or a proteolytic fragment. On 2-D Western blot analysis, the antibody that recognizes ATP synthase ␤ did not react with spot 5 (data not shown). The discrepancy between MS identification and antibody recognition could reflect truncated ATP synthase ␤ that is missing the C-terminal epitope recognized by the antibody. Consistent with this idea, no C-terminal peptides were present in the mass fingerprint generated by MALDI-TOF MS. When probing for CRALBP, we observed multiple immunoreactive spots (Fig. 3) . Table 2 . (Fig. 2B) and were identified by MALDI-TOF MS analysis. Spots containing CRABP1 and GST-showed significant progressive decreases in density. On 2-D Western immunoblots, the antibody to CRABP1 reacted with a large spot that agreed with the MS identification and in addition, two minor spots migrating to become more acidic and at a lower mass than the major spot (Fig. 3, spot 6 ). Results from 1-D Western blot analysis showed a significant decrease (P ϭ 0.007) in CRABP1 at MGS 3 and 4, thus confirming 2-D spot density measures. For GST-, the MS identified spot was one of several immunoreactive spots on 2-D blots (Fig. 3, spot 7) . The spot decreasing in density accounted for ϳ33% of the total GST-population. In contrast, the density of the other GST-immunoreactive spots exhibited a nonsignificant increase with the disease (data not shown). Consistent with the general increase in density on 2-D gels for most of the population, 1-D Western blot analysis showed a significant increase (P ϭ 0.002) in expression at MGS 3 and 4. These results demonstrate that specific isoelectric variants can change in content, independent from the major protein population.
Two protein spots demonstrating a linear increase in expression with AMD were identified as VDAC1 and pyruvate kinase. No further analyses were conducted for pyruvate kinase because the antibody reaction was unreliable. Western 2-D blots probing for VDAC1 showed a pair of immune reactive spots at ϳ31 kDa and a second pair at ϳ26 kDa (Fig. 3, spot 8) . MS analysis confirmed all but the most basic spot that was poorly resolved at ϳ31 kDa as VDAC1, which is probably the parent protein based on its agreement with the theoretical pI and mass. The acidic isoelectric variant at either 31 or 26 kDa is probably a result of phosphorylation of Ser 103 for this protein. 27 The pair of spots migrating at 26 kDa have mass (25.5 kDa) and pI (6.9 and 6.2) that are consistent with cleavage of ϳ50 residues from the C terminus. The spot identified by MS positioned at ϳ28 kDa that demonstrated increased expression with AMD did not react with the antibody. Because the VDAC1 antibody was generated against the N-terminal 19 amino acids, a potential explanation is that VDAC1 in spot 8 lacks the N terminus. The absence of N-terminal peptides in the mass fingerprint generated from this spot is consistent with this explanation. A 1-D Western blot analysis probing for VDAC1 total protein content demonstrated a significant linear decline (P ϭ 0.007) with progression of AMD. Examination of the 2-D gel density for the three clearly resolved spots at 31 and 26 kDa showed no significant change with AMD. However, the most basic unresolved spot had the strongest immune reaction, suggesting it made the greatest contribution to the 1-D reaction and therefore is likely responsible for the decrease in VDAC1 expression.
Three spots demonstrated significant changes in density at late stage (MGS-4) AMD (Fig. 2C) . MALDI-TOF MS analysis identified these spots as ATP synthase ␤ (spot 10), eukaryotic transcription initiation factor 4H (eIF4H; spot 11), and mtHSP75 (spot 12). No additional data are available for eIF4H, because the antibody is not commercially available. The reaction on 2-D Western blot analysis for ATP synthase ␤ was at a single spot with the expected mass and pI (data not shown). However, the spot changing in expression and identified by MS migrated to be more acidic and ϳ3 kDa lower than the parent protein, indicating a proteolytic fragment of ATP synthase ␤. The antibody to ATP synthase ␤ recognizes the C terminus (residues 428-539), so we examined the mass fingerprint generated by MALDI-TOF MS and confirmed that no C-terminal peptides were present in spot 10. One-dimensional Western immunoblots probed with an antibody to ATP synthase ␤ showed no significant change in immune reaction for the parent protein across the four MGS levels (data not shown).
Two major spots and two minor spots reacted with the antibody to mtHSP75 on 2-D Western blot analysis (Fig 3, spot 
DISCUSSION
In this study, we analyzed proteins from human donor eyes that were graded with the MGS for postmortem tissue. By using the MGS in conjunction with proteomics, we identified significant changes in human RPE proteins at distinct disease stages. Most of the changes occurred in early AMD and may correspond to causal mechanisms, whereas a small number changed late in the disease and may correspond to secondary consequences. These results can help direct the focus of future investigations by highlighting clinically relevant changes in RPE proteins and their corresponding cellular functions. Furthermore, because the MGS was derived from the AREDS classification system, our results are relevant for large clinical trials and epidemiologic studies that use the AREDS system. The direct relationship between the two classification systems should also facilitate translation of our findings at the molecular level to the clinical setting. By combining high-resolution, quantitative 2-D gel analysis, mass spectrometry, and 1-D and 2-D Western blot analysis, this study extended a basic proteomic approach and highlighted several important considerations for future proteomic analyses. Because 2-D gel electrophoresis can separate proteins into individual isoelectric variants that potentially reflect functionally distinct subpopulations, it is important to determine the distribution of spots associated with specific proteins. This was especially relevant because, of the proteins detected by 2-D Western blot, only one (␣A crystallin) migrated as a single spot. Proteins can resolve into multiple spots due to proteolytic processing, multiple isoforms, or changes in charge state resulting from posttranslational modifications including phosphorylation, deamidation, acetylation, glycation, and glutathionylation. 28 -31 These posttranslational modifications can alter protein function. For example, glutathionylation of HSC70 converts this protein to an active chaperone. 32 The in vivo consequences of changing the distribution of isoelectric variants (e.g., HSP60 and GST-) remain unclear but could affect subcellular localization and other functions regulated by posttranslational modification. Because most proteins migrated in multiple spots, we also used 1-D Western blot analysis to determine whether changes in individual isoelectric variants were representative of the entire protein population. Finally, when a mixture of proteins are found in a single spot, as observed for spot 5 containing both ATP synthase ␤ and CRALBP, it is essential to examine individual protein constituents with alternative analytical techniques.
Although we identified several AMD-related changes, they probably reflect a conservative estimate of the total changes associated with AMD due to the technical constraints of our proteomic analysis. First, membrane proteins resolve poorly in the first dimension and are consequently underrepresented in the second dimension. Second, limiting the first dimension to a pH range of 5 to 8 provided the best resolution for the greatest number of spots but excluded proteins outside that range. Third, the detection limit for silver stained proteins and the sample size used in this study probably hindered our ability to detect changes in low-abundance proteins or changes smaller than a two-fold difference in expression.
Despite these caveats, our results provide the first direct evidence for decreased HSP expression (HSP70, HSC70, HSP60, ␣A crystallin) in early AMD. In general, HSPs can function as molecular chaperones to prevent cellular damage from unfolded proteins, including protein unfolding caused by oxidative damage. 33 More specifically, three of the HSPs identified by this study mediate the import and folding of mitochondrial proteins encoded by nuclear genes. After translation, mitochondrial proteins undergo HSP70-dependent transport to mitochondria.
34 mtHSP75 and HSP60 then mediate mitochondrial membrane trafficking and mitochondrial protein folding, respectively. 34, 35 Decreased HSP expression may thus reflect impaired mitochondrial biogenesis in addition to impaired stress response mechanisms at early stages of AMD.
Several components of apoptotic signaling pathways (␣A crystallin, VDAC1, HSP70, GST-) also demonstrate early expression changes or changed linearly with AMD progression. For example, VDAC1 mediates the release of cytochrome c from mitochondria as part of the permeability transition pore. 36, 37 ␣A-crystallin activates the anti-apoptotic Akt/protein kinase B pathway, 38 whereas HSP70 and GST-inhibit proapoptotic c-Jun N-terminal kinase signaling. 39, 40 GST-also detoxifies endogenous and exogenous reactive electrophile groups, 41 and its upregulation may reflect a cellular response to increased oxidative stress. Because RPE cells are postmitotic and have a limited capacity for renewal, regulating apoptosis is essential for maintaining a functional RPE cell population and, consequently, preserving vision.
We also found late expression changes for two retinoid binding proteins (CRABP1 and CRALBP) that most likely reflect secondary disease processes. CRALBP binds 11-cis retinol as part of the visual cycle responsible for regenerating the rhodopsin chromophore. 42 CRABP1 regulates free retinoic acid levels by directly binding retinoic acid and increasing its metabolism, which is believed to affect retinoic acid signaling and homeostasis. 43, 44 In turn, retinoic acid regulates RPE differentiation, 45 proliferation, 46 melanogenesis, 47 angiogenesis gene expression, 48, 49 and expression of the visual cycle genes RPE65 and RLBP1. 50 These findings suggest that late AMD is accompanied by the disruption of key retinoid-related functions in the RPE, although the relevance to AMD progression remains undefined.
In summary, the biochemical changes identified in this study represent novel contributions to understanding AMD pathophysiology and demonstrate the utility of proteomics for investigating human disease. More specifically, our proteomic examination of RPE protein from human donor eyes graded with the MGS has led to the identification of several critical proteins and potential pathways changing at early and late disease stages in human RPE, signifying both possible causal mechanisms and secondary consequences of AMD. Furthermore, our results are consistent with several hypotheses that identify oxidative stress, mitochondrial dysfunction, and RPE apoptosis as causal factors in AMD. 8 -10 These mechanistic explanations of AMD pathogenesis share an underlying theme of cumulative damage to cellular components, reflecting its clinical presentation as an ageing disease. Our results also provide a basis for new directions in AMD research that may ultimately generate novel therapeutic strategies. 
